ABSTRACT A stepwise strategy of mediator-free amperometric biosensor for the detection of catechol was developed based on the covalent bonding of tyrosinase (TYR) onto thionine (TN)-electrodeposited glassy carbon (GC) surface via glutaraldehyde (GA). Prior to the TYR-immobilization, poly(thionine) was prepared on a GC electrode surface by an electrooxidative polymerization of thionine. The TYR/GA/pTN modified electrode was evaluated by SEM and EIS measurements. The terminal amino groups (-NH 2 ) which electrodeposited on the GC surface were cross-linked with protein lysine group (or cysteine group) by GA. The resulting TYR/GA/pTN-immobilized GCE was utilized as a working electrode unit of a catechol-detect biosensor. Catechol was used as model analyte for the evaluation of catecholase activity, and the signal based on the electro-reduction of the enzymatically produced o-quinone species were monitored at −0.05 V vs. Ag/AgCl. The resulting TYR/GA/pTN/GCE biosensor exhibited rapid and sensitive response to catechol (100% response time: ≈5 s, sensitivity: 5.04 µA/mM, detection limit: 6.0 µM. The TYR/GA/ pTN/GCE retained 71% of original activity for catechol oxidation after 1 month storage.
Introduction
With the increasing concern over environmental issues, there is a great necessary for analysis system to detect the environmental pollution such as phenol compounds. Phenolic compounds are major pollutants in the wastewaters of medical, food, industry and other environmental products. [1] [2] [3] [4] Therefore, the detection of phenolic compounds is of great importance. [5] [6] [7] Many analytical methods are available for the determination of phenolic compounds based on separation techniques including gas and liquid chromatography, spectrophotometry, and chromatography. [8] [9] [10] [11] [12] However, these techniques are complicated not only in sample pretreatment but also in situ monitoring. Catechol is a hazardous phenolic compound which affects the nerve center system of human beings, inhibits DNA replication, and leads to chromosomal aberration. 13 It is generally a direct pollutant or a by-product of the aromatic pollutant biodegradation. 14 Hence, the detection of catechol is an emergency issue. Over the past 30 years the enzyme tyrosinase has received considerable attention as an essential tool in the performance of studies on a wide range of topics. [15] [16] [17] [18] [19] [20] [21] Tyrosinase (polyphenol oxidase, EC 1.14.18.1) is a binuclear copper-containing enzyme that catalyzes the conversion of a monophenol and/or di-phenol into its corresponding o-quinone derivatives. [22] [23] [24] On the basis of these activities, lots of TYR-based electrochemical biosensors have been proposed so far for the determination of mono-and di-phenolic compounds. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] In these sensors, the catechol was oxidased to o-quinone by tyrosinase in the presence of molecular oxygen. The enzymatically produced o-quinone compounds are electrochemically reduced back to catechol compounds, and the regenerated catechol compounds are re-oxidized by TYR repeatedly. The enzymatic and the electrochemical recycling of catechol/quinone couple proceeds at the TYR-modified electrode surface, which results in the signal amplification (the mechanism was showed in Fig. 1 ). There are also literatures reported the similar mechanism by using nanofluidic devices. 35, 36 This kind of device is also based on the redox cycling amplification between catechol and hydroquinone.
But the reaction of oxidation and reduction were happened on the different electrodes independently. Catechol is oxidized at one electrode to the corresponding quinone. After diffusing to another electrode, quinone is reversely reduced back to catechol. Furthermore, due to the nanometer size, the devices can be applied in extreme small volume and low concentration detection.
Biomolecule-functionalized surfaces are of great importance for biometric identification in biosensor technology. To construct a sensitive, stable and reusable support surface, numerous strategies were applied with different degrees of success. Electropolymerization is a powerful tool for the development of the modified electrodes. The phenothiazine derivatives can be polymerized by anodic oxidation from neutral aqueous media. 37, 38 We have fabricated the NADH biosensor through the electropolymerization of phenothiazine derivatives by using CF as working electrode. 39 There are still drawbacks of phenol biosensors including electrode fouling due to polymerization of radicals, and enzyme inactivation by the generated o-quinone. Redox mediators can achieve a 2e ¹ transfer mechanism of o-quinone which can avoid intermediate radicals and decrease the deactivation of the sensor. 40 Thionine (phenothiazine) is a redox dye which contains two amino groups in A positions, and the electropolymerization of thionine has been employed in many sensors, such as glucose biosensor, 41 H 2 O 2 biosensors, 42, 43 ethanol biosensor, 44 and choline biosensor. 45 The terminal amino group (-NH 2 ) existed on the GC surface after electropolymerization on account of that thionine is terminal amino group containing compound. 46 In this case, surface-bound functional groups are useful for covalent coupling of enzyme to the support surface. Among various immobilization procedures, covalent binding has the highest stabilization. 47, 48 The enzyme is uneasy to detach from the electrode surface. The stability of covalent binding is superior to other methods such as sol-gel, physical adsorption. [49] [50] [51] [52] In this study, we constructed a novel electrochemical tyrosinase biosensor by determination of catechol based on Tyrosinase (TYR)/ Glutaraldehyde (GA)/poly(Thionine) (pTN) modified glassy carbon electrode (GCE). The electropolymerized thionine onto the GC surface donated terminal amino group for the coupling reagent, in this case, glutaraldehyde. Chemical covalent bonding provides a stable immobilization method for the fabrication of enzyme based biosensor and glutaraldehyde usually gives the excellent results as coupling reagent. Our previous work 17 utilized 3-aminopropyltriethoxysilane (APTES) modifled carbon felt (CF) to construct TYRbased biosensor through chemical modification by using GA as a candidate covalent reagent. At that time, the APTES was immobilized onto the CF surface via the -OH group which exist on the CF surface. It is important to modify -OH group onto the surface because surface -OH group is necessary for APTES immobilization. 53 Compared with APTES, pTN can be easily modified on various conductive matrixes 54, 55 directly without any special functional group which would expand the application of pTN based immobilization methodology. 56, 57 The performances of this type of biosensor in determining catechol were investigated. Meanwhile, the morphology of modified GCE surface, the parameters such as pH, enzyme concentration, and analytical performances were discussed and optimized in this paper.
Experiment

Reagents
Tyrosinase (TYR, polyphenol oxidse, EC1.14.18.1, 1715 unit/mg from mushroom) and catechol were purchased from Sigma-Aldrich Co., and used as received. Glutaraldehyde was obtained from Sinopharm Chemical Reagent Co., Ltd. Thionine (TN) was got from Tokyo Kasei Kogyo Co. A 0.1 M phosphate buffer (prepared by using K 2 HPO 4 and KH 2 PO 4 ) was used to prepare electrolyte. All reagents were used without further purify.
Electrodeposition of TN on the surface of a GC electrode
The glassy carbon electrode (GC, 3.0 mm in diameter) was polished successively with 1.0, 0.3, 0.05 µm A-alumina slurry to make a shiny surface. The cleaned electrode was rinsed and sonicated with distilled water to remove any adhering alumina. Then we deposited poly(thionine) on the surface of a GC disk electrode (3 mm diameter) in the following procedure. The GC electrode was immersed in a TN (1 mM) phosphate buffer solution (0.1 M, pH 7.0). We then repeatedly scanned the electrode potential in the range of ¹0.4 to 1.1 (vs. Ag/AgCl electrode) at 10 mV s ¹1 with gentle stirring under a nitrogen atmosphere. The pTN-modified GC electrode was thus rinsed thoroughly with pure water to remove unreacted monomer adsorbed on the surface or entrapped in the polymer. Unless otherwise stated, the cyclic scans 50 times were adopted for the preparation of poly (TN)-modified electrode.
GA activation
The aqueous GA solution (10 µL) was dropped on the TNmodified GC and incubated at room temperature for 1 h. The activated GC surface was then washed thoroughly with pure water.
Enzyme immobilization
The TYR buffer solution (10 µL of 0.1 mg/mL TYR in 0.1 M phosphate buffer solution, pH 7.0) was dropped onto the GA/pTNmodified glassy carbon surface. After the incubation at room temperature for 1 h, the weakly adsorbed enzyme was removed by stirring wash in the phosphate buffer solution 3 times.
Apparatus
We used field emission scanning electron microscopy (FE-SEM, NOVA Nano SEM 450, FEI Co., USA) for imaging the surface of bare and modified GC electrodes. The electrochemical measurements (steady-state current and electrochemical impedance spectroscopy) were performed using an electrochemical analyzer (CHI 750D, ALS CO. Ltd.) controlled by a personal computer. The steady-state current response of TYR/GA/pTN-modified GCE were measured in a glass cell using the GC electrode as the working electrode, a platinum wire as the counter electrode, and a Ag/AgCl electrode (3 M KCl) as the reference electrode. To compare interfacial properties of bare GCE, pTN/GCE, GA/pTN/GCE and TYR/GA/pTN/GCE surfaces, electrochemical impedance (EIS) was performed by using deoxygenated 0. . The applied potential was set at the formal potential of [Fe(CN) 6 ] 4¹/3¹ redox (i.e., 0.23 V vs. Ag/AgCl at pH 7.0). The frequency ranged from 0.01 Hz to 10 kHz. All measurements were performed in air at room temperature (³20°C).
Results and Discussion
SEM measurements of TYR/GA/pTN/GC electrode
The surface morphology of the bare and modified GCE were studied by SEM. Figure 2 shows typical SEM images on the surface of bare GCE (A), pTN/GCE, (B), GA/pTN/GCE (C), TYR/GA/ pTN/GCE (D). Figure 2A shows the clearly polished glassy carbon electrode, so we can see nothing on the GCE surface. There are white spots exist on the GCE surface after electropolymerization of TN as Fig. 2B showed us. This is the evidence that thionine was electrodeposited on the GCE surface. Then we dropped the GA solution on the pTN immobilized GC surface. The white spots increased greatly when GA was added (Fig. 2C) . The density Electrochemistry, 85(1), 17-22 (2017) increasing of white spots proved that GA was also immobilized on the pTN/GCE surface. And for the last one (Fig. 2D) , TYR was added on the GA/pTN/GCE surface. We can see the large scale of molecule which is the TYR. The size of TYR is much bigger than regular molecules because it is a kind of biomacromolecule. By comparing the different morphologies of four pictures in Fig. 2 , we can conclude that the surface of GC electrode was modified with enzyme.
Electrochemical properties of poly(thionine)-modified GC electrode
The phenothiazine derivatives can be polymerized by anodic oxidation from neutral aqueous media. We electrochemically deposited the thionine on the surface of a GC electrode as previous depicted. 39 Prior to the potential scanning, the dissolved oxygen in electrolyte was removed by bubbling pure N 2 gas into the buffer solution at least 30 min. The electropolymerization procedure involves the formation of cation-radial upon the electro-oxidation. Figure 3 shows cyclic voltammograms (CVs) recorded during electro-oxidative polymerization of TN. The new set of peaks 39 (at the potential region from ¹0.2 V to +0.2 V) increased during the repeated potential scans, which is shifted to the positive potential region compared with the redox peaks of the monomer (Fig. 3B) . These sets of peaks are polymer-type redox activities, and indicate the growth of redox active film on the GC surface. At high anodic potentials (more than 0.8 V), irreversible oxidation of TN monomer occurred and leads to the appearance of oxidation peaks at 0.84 V for TN. The oxidation peaks are due to the formation of cationradical species of primary and secondary amino groups of TN. These cation-radicals were followed by chemical reactions finally resulting in polymerization. 58 Unless otherwise stated, the cyclic 50 times were adopted for the preparation of the ploy(thionine)-modified GC electrode.
Interfacial properties of TYR-modified GCs
EIS using small redox couples (e.g., [Fe(
) is a powerful and common technique for studying the interface properties of surface-modified electrode. Figure 4 shows Nyquist plots of EIS for bare GCE (curve a), pTN-modified GCE (pTN/GCE, curve b), GA/pTN-modified GCE (GA/pTN/GCE, curve c), TYR/ GA/pTN-modified GCE (TYR/GA/pTN/GCE, curve d). The electron transfer resistance (R CT ) at the electrode surface can be estimated by the Nyquist diameter. 59 The estimated R CT of different procedures are as following, bare GCE (curve a µ2 k³), pTN/GCE (curve b µ30 k³), GA/pTN/GCE (curve c µ90 k³), TYR/GA/ pTN/GCE (curve d µ110 k³). The increasing of the R CT would be attributed to the difference morphologies in the covered areas. After tyrosinase was modified on the GA/pTN/GCE, the electron transfer resistance (R CT ) evaluated from the diameter of the semicircle of EIS was 110 k³, indicating the covalent bonding of tyrosinase effectively blocks the electron transfer between the electrode and the electrolyte which is the evidence that the tyrosinase was effectively immobilized on GA/pTN-modified GC electrode.
Optimization of TYR concentration upon the peak current responses
In this study, we use catechol as model substrate. TYR catalyzes two-electron oxidation of o-diphenols to o-quinones which called catecholase activity in the presence of molecular oxygen. 60 The produced o-quinones can be electrochemically reduced to odiphenols at a low overpotential. 61 We studied the effect of the TYR concentration which was changed in the concentration range from 0.01 to 1 mg/mL. The relationships between the TYR concentration and the cathodic peak current toward 30 µM catechol are depicted in Fig. 5(A) . The magnitudes of peak currents obtained at an applied potential of ¹0.05 V vs. Ag/AgCl were significantly affected by the TYR concentration, and the maximum response was obtained at around 0.1 mg/mL of TYR. The peak current responses first increased by increasing the concentration of TYR, then Electrochemistry, 85(1), 17-22 (2017) decreased when increasing the TYR concentration continuously. The phenomenon is similar with our previous study. We reported that the activity of the adsorbed HRP on the CF was significantly influenced by the HRP concentration in the adsorption solution, and a higher HRP concentration (0.03-0.1 mg/mL) was found to be unsuitable for obtaining a large peak current response to H 2 O 2 . 62 At that time, we used the physical adsorption of mixed solution of horseradish peroxidase and thionine onto the carbon felt surface. In this work, we utilized the covalent immobilization to make more stable catechol biosensor. A higher TYR concentration is also not suitable to get large peak current response in this study. When the concentration of TYR is low, we can't get higher response maybe because of the amount of TYR is small. But in a high TYR concentration, probably the compact structure and multilayered formation of adjacent enzyme molecules result in a lower response. 63 The interfacial properties and the morphology of modified electrodes are of essential importance to get enough responses. We measured Rct value of different TYR concentration (0.05 mg/mL, 0.1 mg/mL, 0.25 mg/mL, 0.5 mg/mL, 1.0 mg/mL) on the GA/pTN/GC. And we got the results as follows: 30 k³ (0.05 mg/mL), 38 k³ (0.1 mg/mL), 65 k³ (0.25 mg/mL), 110 k³ (0.5 mg/mL), 108 k³ (1.0 mg/mL). The Rct value increased when increasing the concentration of TYR. So the small current response of catechol in low concentration of TYR caused by the small amount TYR which immobilized on the GCE. And when the concentration increased, the Rct value reached to saturation. Meanwhile, higher concentration is not preferable for the biosensor because of the compact structure and unfavorable orientation of enzyme.
3.5 Effect of pH in the electrolyte solution upon the peak current responses The influence of the pH of the electrolyte solution on the peakcurrent response was investigated for a catechol concentration of 30 µM over the pH range from 5 to 9 using 100 mM phosphate buffer solution. Figure 5(B) shows that the enzymatic activity was dependent of the pH, exhibiting higher activity at pH 6.5. This optimum pH is in good accordance with other biosensors described in the literature. 64 Therefore, pH 6.5 phosphate buffer solution was chosen throughout this study.
Effect of GA upon the peak current responses
The effects of GA concentration and immobilization time on the peak currents were also examined. To understand the importance of covalent bonding by using GA, we carried out the experiments by changing the GA concentration from 0 to 25% as shown in Fig. 5(C) . After polymerization of thionine, we added the TYR solution onto the pTN-modified GCE directly by physical adsorption (the concentration of GA is zero). The TYR/pTN/ GCE showed no response to the catechol even in a large concentration (3 mM). This result indicated that the GA is essential for immobilization of TYR to detect the catechol. It is rather important to immobilize TYR by covalent bonding than physical adsorption in this case. With the increasing of GA concentration, the currents also increased until to a maximum at the 5% of GA. Higher concentration of GA resulted in a decrease of currents. The immobilization time of TYR was shown in Fig. 5(D) , the steadystate current to 30 µM of catechol showed maximum response at 1 h. Both short time and long time immobilizations were not preferable for fabricate the TYR/GA/pTN based biosensor.
3.7 Analytical characteristics of the present catechol biosensor After optimized the fabrication parameters above, we subsequently evaluated the analytical properties of TYR/GA/pTN/GCE. Based on the optimized results described above, we selected the adsorption conditions as being optimum (TN, 1 mM; GA, 5% (V/W); TYR, 0.1 mg/mL). Figure 6 displays the typical steadystate current curve for the sensor when the concentrations of 3 µM Electrochemistry, 85(1), 17-22 (2017) of catechol. The cathodic current changed rapidly after the addition of catechol and reached another steady-state current in about 5 s. Because the TYR was covalently bonded in the last step, so it is existed at the outside of the electrode surface. Therefore, the catechol can easily reach to the immobilized TYR so as to make the reaction rapidly happened. Figure 7 (A) shows the calibration curve for the catechol obtained by the optimized biosensor. A linear relationship was obtained in concentrations ranging from 1 µM to 300 µM with a sensitivity of 5.04 µA/mM and a correlation coefficient of 0.9937. The lower detection limit is estimated to be ca. 6.0 µM with a signal-to-noise ratio of 3 (noise level 10 nA). The analytical performances of the biosensor were compared with other tyrosinase biosensors reported in the literatures. The detailed characteristics for the detection of catechol were summarized in Table 1 . It can be seen that the linear range, detection limit, and storage stability were comparable with other research group's work. For field monitoring a biosensor should be simple to operate, have short response time, and have excellent multiple use capability and have good long term storage stability. 72 Although linear range, detection limit and storage stability of our biosensor were not necessarily superior to other systems, the short analysis time in conjunction with simple protocol for the biosensors are most notable and significant advantages of the reported biosensor.
The reproducibility of immobilization was evaluated by 3 different modified electrodes, where the relative standard deviation (RSD) is 3.16% from measurement of a standard catechol sample (10 µmol L
¹1
) that is reasonably satisfactory. Storage stability is an important factor for the application of immobilized enzyme biosensor. Storage stability was checked by measuring 30 mM catechol, every 5 days. We added the 30 mM catechol ten times for one measurement and calculated the average response current of catechol. When not in use, the TYR/GA/pTN/GCE was stored in 0.1 M phosphate buffer solution (pH 6.5) at 4°C. The modified electrode maintained 71% of original activity for catechol after 30 days storage. The results indicate that the TYR/GA/pTN-modified glassy carbon electrode has good storage characteristics toward the electrochemical detection of catechol. 
Conclusions
In this study, we fabricated the TYR/GA/pTN/GCE by using electropolymerization collaborate with covalent bonding methods. The TYR/GA/pTN/GCE biosensor can detect cathodic current of electrochemical reduction of o-quinone species produced by the TYR-catalyzed reaction. The SEM and EIS of bare and modified GCE were checked to understand the morphology of the GCE surface. The TYR concentration, electrolyte pH, GA concentration, and immobilization time were optimized. The resulting TYR/GA/ pTN/GCE based biosensor exhibited good analytical performance (sensitivity, 5.04 µA/mM; detection limit, 6.0 µM; linear range, from 1 © 10 ¹6 to 3 © 10 ¹4 M; response time: µ5 s). The construction method of this kind of biosensor is quite mild and without using organic solvent which is friendly to the environment. And the electropolymerization of thionine can be easily performed onto the GCE without any pre-modification of the surface. Since TYR has broad selectivity toward mono-and diphenol compounds, this biosensor would be useful for the quickly monitoring of highly toxic phenol compounds.
